Hydrophobic organic pollutants in urban wet weather discharges can accumulate in the sediments of receiving waters and may have adverse effects on the ecological system, especially on benthic organisms. Here, a novel method is developed for evaluating the bioavailability of such hydrophobic organic pollutants by considering the digestive guts in deposit-feeding polychaetes. We compared the amount of polycyclic aromatic hydrocarbons (PAHs) extracted by an organic solvent and by sodium dodecyl sulfate (SDS) solution (as a hypothetical digestive gut fluid of polychaetes) and interpreted the ratio of the two values as bioavailability. The sediment extracts were applied to bacterial acute toxicity tests and algal growth inhibition tests. Sediment samples were collected from an urban stream system receiving wet weather discharges. The bioavailability of the total amount of 12 PAHs in the sediments was in the range 14 -38% based on the results from the GC/MS determination of the two different extracts. Lower molecular PAHs showed higher bioavailability compared to the higher molecular ones. The sediment extracts were shown to be toxic towards both algae and bacteria. The SDS extracts showed similar or higher toxicity in the two biotests compared to the organic solvent extracts in spite of their lower PAHs content.
Introduction
Hydrophobic organic pollutants in urban wet weather discharges have a potential to accumulate in the sediments of receiving waters and may have adverse effects on the ecological system, especially on benthic organisms (Maltby et al., 1995a,b; Boxall and Maltby, 1997) . Biotests are powerful tools for assessing the toxicity of such contaminated sediments (Marsalek et al., 1999) . Chemical analysis, usually including a process of organic solvent extraction, provides basic and quantitative information of selected compounds, however the procedure does not reflect the biological process of ingestion, or bioavailability of the compounds.
Polychaetes may be an important link in the food chain from sediments to fish, birds and, possibly, to humans. According to Ahrens et al. (2001) , absorption of hydrophobic contaminants by deposit-feeding polychaetes was well predicted by the degree of desorption of the contaminants by their digestive gut fluids, and the desorptive property of real gut fluids as similarly given by a solution of a synthetic surfactant, sodium dodecyl sulfate (SDS). Mayer et al. (2001) have conducted a great number of extraction experiments with real gut fluids of various species and showed a correlation between benzo[a]pyrene solubilization and the digestive biochemical properties. The mechanism of solubilization was still unclear but contact angle of the digestive fluid (i.e. surfactancy) was one of the strongly positively correlated factors.
In this study, we quantitatively compared the amount of polycyclic aromatic hydrocarbons (PAHs) extracted by an organic solvent and by an SDS solution (as a hypothetical digestive gut fluid of polychaetes) from sediments collected from an urban stream system (Store Vejleå, Denmark) receiving wet weather discharges and interpreted the ratio of the two values as bioavailability. The extracts from the sediments by an organic solvent (n-pentane) and by the SDS solution were applied to standardized bacterial acute toxicity tests (Vibrio fischeri) and algal growth inhibition tests using Pseudokirchneriella subcapitata.
Materials and methods

Sediment samples
Sediment samples were collected from an urban stream system (Store Vejleå, Denmark) receiving wet weather discharges ( Figure 1 , locations D, E, G and H) as well as from a small pond receiving highway runoff ( Figure 1 , locations A, A1, A2 and A3) (Baun et al., 2003) . Sediments A, D, E, G and H were collected in July, 2001 and A1, A2 and A3 were collected in September, 2001. Coarse and fibrous particles were removed using a stainless steel sieve (approximately 1.5 mm) before further processing.
Extraction with an organic solvent and hypothetical digestive gut fluids of polychaetes Two different solvents were used for evaluating bioavailability of PAHs in sediments: one is n-pentane and another is 1% (w/v) SDS solution in artificial seawater, which is considered as a hypothetical digestive gut fluid of polychaetes.
N-pentane extract (referred to as "P extract"). A known amount (about 5 g) of wet sediment was well mixed with sodium sulfate (anhydrous). N-pentane (40 mL) was added to the dried sediment in an amber glass bottle. The bottle was shaken for 1 hour (100 rpm) in the dark at 20 8C. The pentane was recovered by centrifugation and the extraction procedure was repeated 3-6 times with new solvent until the recovered pentane was clear. The recovered pentane was concentrated by flushing with air. 1% SDS extract ("S extract"). The wet sediment was centrifuged (4,000 rpm, 3 minutes). The settled sediment was placed into a mortar and the supernatant was centrifuged again (4,000 rpm, 3 minutes), followed by recovery of the settled sediment and adding it to the mortar. The recovered sediment was mixed gently with a stainless steel spoon to be homogenized but not ground. A known amount of the homogenized sediment was put into an amber glass bottle, adding 40 mL of 1.0% SDS solution. The bottle was shaken in the same way as for the n-pentane extraction. The supernatant was collected and distributed into several centrifuge tubes. The division into several tubes for further extraction before dilution was thought to be very important because the dilution might cause destruction of micelles and release of the hydrophobic contaminants. After the release, it may be difficult to keep the contaminants homogenized in the solution. The divided solutions in tubes were diluted 20 times by artificial seawater into 0.05% SDS, which is lower than the critical micelle dilution of SDS in seawater (reported as 0.1% according to Ahrens et al. (2001) ). N-pentane was added to the diluted SDS solution in the ratio of 1:10 (pentane: 0.05% SDS) in volume. The tubes were vigorously mixed for 15 minutes and the n-pentane layers were recovered and were unified into a tube. The recovered pentane was concentrated by flushing with air. The aim of the liquid-liquid extraction between n-pentane and 0.05% SDS solution was to focus on hydrophobic contaminants although SDS solution may solubilize both hydrophilic and hydrophobic fractions in sediment.
Determination of polycyclic aromatic hydrocarbons and definition of bioavailability
Sixteen polycyclic aromatic hydrocarbons in the extracts were quantified with GC-MS (Hewlett Packard HP6890 þ MS5973) in the SIM mode. A commercially available deuterated PAHs mixture (SUPELCO 4-8902) was used as internal standard. Bioavailability was defined as ratio of PAH in S extract to that in P extract.
Toxicity tests
The extracts in n-pentane were transferred into DMSO (dimethyl sulfoxide) for two toxicity tests: bacterial acute toxicity test (Vibrio fischeri) and algal growth inhibition test using Pseudokirchneriella subcapitata (formerly known as Selenastrum capricornutum). The concentrations of DMSO in all the test solutions were kept at 1.0% (v/v) with appropriate addition of DMSO (a preliminary test showed that 1.0% DMSO did not give a significant inhibition). Residual SDS in the S extracts was not detected by a simple test kit for anionic surfactants (WA-DET-II, Kyoritsu Chemical-Check Lab. Corp., Japan), whose detection limit was 0.5 mg/L (a preliminary test showed that 0.5 mg/L SDS with 1.0% DMSO did not give a significant inhibition). The bacterial test was conducted according to the instruction manual of BioToxe Kit (BioOrbit). Decrease of the bacterial luminescence after 30 minutes was used as an index of the toxicity of the extract. The algal test was conducted according to the modified ISO-method described by Arensberg et al. (1995) . The test vials were incubated on a shaker (100 rpm) in continuous white fluorescent light (80-100 mE/m 2 /s) at 20^2 8C for 72 hours. The tests were conducted at pH 8.1^0.2 with typical control growth rates of 1.7-1.9 d 21 . Algal growth rates were determined from acetone extractions as described by Mayer et al. (1997) . The inhibition was evaluated by decrease of the algal growth rate. Foster et al., 2000; Zakaria et al., 2002) , except for sediment E, which had rather low PAHs content. The sediments A, A1, A2 and A3 contained more PAHs compared to other sediments, probably due to the influence of highway runoff. Table 2 shows the ratio of extracted PAHs with the two solvents (P and S), defined as bioavailability (sediment E was omitted in Table 2 because of the low PAHs content that made the S/P ratio highly uncertain). The calculated bioavailability of the total amount of 12 PAHs in the sediments was evaluated to be in the range 14 -38%. Lower molecular PAHs such as naphthalene, acenaphthylene, acenaphthene and fluorene, having higher water solubility and higher vapor pressure, showed higher bioavailability compared to the higher molecular ones. Especially, the extracted amount of naphthalene was greater in the SDS solution compared to the n-pentane fraction for all the sediments. This indicates that n-pentane extraction method could not properly measure the content of the selected PAHs. Sodium dodecyl sulfate is a detergent, and the inherent properties of such a molecule (a hydrophilic and a hydrophobic part) could be the explanation for the higher extraction of naphthalene observed for SDS. The PAHs are adsorbed or physically incorporated in organic matter in the sediments. The addition of SDS will increase the solubility of organic matter in general and thereby also the PAHs. Figure 2 shows for selected sediment samples the inhibitory profiles of the P and S extracts for the two biotests. Although the n-pentane extract was considered to embrace the contaminants in the SDS extract, the toxicity of SDS extract was higher than that of the n-pentane extract in most cases, especially in algal toxicity tests. This indicates that the higher molecular PAHs were not the major compounds responsible for the toxicity observed in the algal tests. Sediments E and H were less toxic compared to the sediments G and A3 that showed higher toxicity. A qualitative comparison of the sediment toxicity showed that the two different biotests generally agreed with each other, however with a tendency for that the algae test was less sensitive than the biotox test. It also shows that the toxicity results didn't always comply with the measured content of PAHs (Table 1) . Sediment G had higher toxicity but moderate content of PAHs compared with other sediments.
Results and discussion
In this paper, a novel method for evaluating the bioavailability of PAHs is introduced. But the method is based on limited numbers of previous studies on desorption mechanism of spiked PAHs in sediments by digestive gut fluids of marine invertebrates (Weston and Mayer, 1998a,b; Mayer et al., 2001; Ahrens et al., 2001) . Information on digestive gut fluids in benthic organisms especially in freshwater environment is very limited and the validity of the SDS solution, the hypothetical digestive gut fluid in this study, should therefore be investigated in further studies. The desorption mechanism may be governed by the strength of PAHs binding on the sediment particles as well as by the surfactancy of the fluid. Chemical characterization of the particles in urban runoff and its biological transformation will also be one of the important aspects on this matter.
Conclusion
A novel method for evaluating the bioavailability of polycyclic aromatic hydrocarbons (PAHs) was developed and applied to sediments collected in an urban stream system (Store Vejleå, Denmark) receiving wet weather discharges from urban areas. The method is aimed at simulating the digestive guts in deposit-feeding polychaetes. The study showed the following: † The bioavailability of the total amount of 12 PAHs in the sediments was in the range 14 -38%. Lower molecular PAHs showed higher bioavailability compared to the higher molecular ones. Especially, the extracted amount of naphthalene was greater in the SDS solution (the hypothetical digestive gut fluid) compared to the n-pentane fraction. † A qualitative comparison of the sediments showed that the results of two different biotests agreed with each other, the biotox test showing slightly higher sensitivity than the algae test, but not with the measured content of PAHs. The SDS extracts showed similar or higher degree of toxicity in the biotests than the organic solvent extracts in spite of lower PAHs content. In further studies, the validity of SDS solution, the hypothetical digestive gut fluid in this study, should be investigated with a consideration for the mechanism of PAHs solubilization in benthic organisms.
